In a district heating engineering project, the design of the heating route is an indispensable but laborious process. This paper proposes a planning indicator to measure the suitability of a candidate heating route, and provides an intelligent method and a convenient tool for the preliminary design of the district heating route. The Fengrun heating engineering project was chosen as a case study. The remote sensing imagery and OpenStreetMap were used as the data sources. First, the remote sensing imagery was classified into five classes and converted into binary images. Second, the district heating route planning indicator was defined based on the cost function. The cost function and the updating strategy of the ant colony system algorithm were modified according to the heating route selection requirement. Additionally, the parallel computing technology was adopted to improve the efficiency. With the help of the open source Cesium engine and the three-dimensional (3D) WebGIS technology, an interactive route design platform that combined our algorithm was finally provided. The optimum routes by the platform were compared to the corresponding sequential algorithm, the route selected manually, as well as the commercial ArcGIS platform. The proposed algorithm can get 28 candidate routes with better indicator values than the manually selected route. Compared to the corresponding sequential algorithm, our algorithm improved the efficiency by 4.789 times. The proposed 3D WebGIS tool is more applicable and user-friendly for the heating route design.
Introduction

District Heating Optimization
District heating (DH) has become a common municipal infrastructure in modern cities. A DH system includes heat generation, distribution, and utilization. Heat can be provided from heating plants and delivered through the network to the end users [1] . It is recorded that the DH system can increase the overall energy efficiency of the cogeneration plant from approximately 35% to 80%, while decreasing the emissions of sulfur dioxide, nitrous oxide, and dust particulates per unit of energy produced by 50% to 60% [2] .
DH is a large systematical project that requires huge capital investment. As to the geothermal district heating systems, piping networks have a significant share that is as high as 60% of the total (GPUs). They applied their methods as well as the original sequential algorithm to solve the TSPs, and found that the speedups can reach 23.60 with similar solution quality [23] . Pedemonte et al. categorized the parallel ACO algorithms into several patterns, i.e., a master-slave model, cellular model, parallel independent runs model, multi-colony model, and the hybrid model. Among these models, they found that the simplest way of parallelizing the ACO algorithms, based on parallel independent runs, was surprisingly effective. In this case, several sequential ACOs were executed on a set of processors, and the communication was not so frequent that the total efficiency was high [24] .
From the references aforementioned and our previous study on the DH route optimization [12] , we can draw that the AS is the first ACO algorithm to be proposed in the literature. Meanwhile, the ACS is built on the AS and outperforms AS in three main aspects: (i) the state transition rule, (ii) the global updating rule, and (iii) the local pheromone updating rule [16] . In this paper, we chose the ACS as our algorithm prototype, and improved the efficiency by executing parallel searching. The proposed parallel ACS algorithm that is suitable for the DH route design makes the first contribution.
GIS Tools for Designers
Besides the DH route optimization algorithms, convenient tools are essential for the designers. A user-friendly software that integrates the intelligent algorithm not only can help the designers view the whole scene and information intuitively, but also can present the candidate routes and do quantitative analysis.
Geographic Information System (GIS) provides an opportunity to combine the global visualization and the spatial analysis together. GIS has been widely used for the route optimization applications. The ArcGIS network analyst tool makes up a high proportion. ArcGIS is a series of GIS software produced by Environmental Systems Research Institute, Inc (ESRI). It is powerful for GIS network analysis [25] . Kallel et al. used the ArcGIS tool for the optimization of solid waste collection and transport in Sfax City, Tunisia [26] . Abousaeidi et al. adopted ArcGIS to determine the quickest routes for fresh vegetable delivery [27] . Alazab et al. modified the Dijkstra's algorithm, using the ArcGIS tool to acquire real-time traffic information, and developed an optimal transportation routing approach [28] . However, the GIS tool for the specific DH routing design is rare. A relevant work may be a GIS tool for hydrogen pipeline network design [29] .
Three-dimensional (3D) WebGIS is a hotspot of current GIS development areas. 3D GIS provides us with a way to observe the world more realistically. Meanwhile, WebGIS technology lightens the GIS platform for the client and makes the access to the GIS tool more convenient. Various 3D GIS engines have emerged in recent years. Google Earth was released in 2005 [30] , and launched the application programming interface (API) to developers in 2008. However, the Google Earth API interface was shut down at the end of 2015. Series of ESRI's ArcGIS software [25] , Skyline SkylineGlobe products [31] , Super Map products [32] , and EV-Globe products [33] can provide the enterprise solution for users by secondary development. However, due to their commercial software property, product updating and maintenance require continue investment, and enterprises do not have independent intellectual property rights. World Wind [34] is an open source, cross-platform compatible virtual earth environment released by the National Aeronautics and Space Administration (NASA) Ames research center. However, the target users of the platform are mainly scientists, researchers, and students. The interface is not friendly enough for industry application. Cesium is an open source JavaScript package supporting the presentation of 3D contents within the web browser [35] . Due to the well-structured code and documentation, as well as the open-source and non-commercial features, Cesium has been utilized in many applications. Torres-Martínez et al. used Cesium to reconstruct an archaeological site, namely, Tolmo De Minateda [36] . Gobakis et al. utilized Cesium to develop a WebGIS platform for zero-energy settlement monitoring [37] .
Based on the studies mentioned above, ArcGIS is commercial software that is not publicly available. It is not as flexible as the self-developed software for the designers to attempt more individual algorithms. The 3D WebGIS platform is more convenient for users. The open source Cesium engine can present a virtual globe. Given the 3D WebGIS and Cesium technology, as well as our DH route optimization algorithm, it is possible to provide a convenient tool for the DH route design. A literature survey showed that such studies and platforms are rare. We also consulted relevant design institutes, and found that the DH route planning is still mainly dependent on manual design, which may severely influence the progress of the project. In this paper, we developed a 3D WebGIS platform integrating the open-source Cesium engine and the proposed parallel ACS algorithm, which makes the second contribution. With the help of the platform, designers can acquire the optimum route automatically and interactively execute the design. This paper is organized as follows. Section 2 introduces the study area, defines the DH route planning indicator, and prepares data from remote sensing imagery and OpenStreetMap for subsequent applications. The method of the parallel ACS and the proposed 3D WebGIS platform are elaborated in detail. Section 3 describes the results of our parallel ACS algorithm and the 3D GIS-based interactive tool. The results are discussed and compared with the sequential algorithm, the manually selected route, and the route selected by ArcGIS. Finally, Section 4 provides the conclusions.
Materials and Methods
Study Area
The DH project lies in Tangshan City, Hebei Province. The project starts from the Fengrun cogeneration plant and ends at the China railway rolling stock corporation. It aims mainly for industrial heating as well as residential heating along the route. The project was constructed in 2017-2018. After the implementation of the project, the emissions of greenhouse gases and pollutants can be reduced significantly. Figure 1 shows the remote sensing image of the study area acquired from Google Earth. Google Earth's imageries are retrieved from satellites or aircraft. The spatial resolutions are from 15 meters to 15 centimeters. In this paper, we cut the latest image of the study area. From Figure 1 , we can generally find that the land-cover types are mainly road, vegetation, water, buildings, and bare land. Based on the studies mentioned above, ArcGIS is commercial software that is not publicly available. It is not as flexible as the self-developed software for the designers to attempt more individual algorithms. The 3D WebGIS platform is more convenient for users. The open source Cesium engine can present a virtual globe. Given the 3D WebGIS and Cesium technology, as well as our DH route optimization algorithm, it is possible to provide a convenient tool for the DH route design. A literature survey showed that such studies and platforms are rare. We also consulted relevant design institutes, and found that the DH route planning is still mainly dependent on manual design, which may severely influence the progress of the project. In this paper, we developed a 3D WebGIS platform integrating the open-source Cesium engine and the proposed parallel ACS algorithm, which makes the second contribution. With the help of the platform, designers can acquire the optimum route automatically and interactively execute the design. This paper is organized as follows. Section 2 introduces the study area, defines the DH route planning indicator, and prepares data from remote sensing imagery and OpenStreetMap for subsequent applications. The method of the parallel ACS and the proposed 3D WebGIS platform are elaborated in detail. Section 3 describes the results of our parallel ACS algorithm and the 3D GIS-based interactive tool. The results are discussed and compared with the sequential algorithm, the manually selected route, and the route selected by ArcGIS. Finally, Section 4 provides the conclusions.
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DH Route Planning Indicator (DHRPI) Definition
It is of great importance for stakeholders to evaluate the alternative DH routes by indicators. The ACS algorithm can select the best route by solving the cost function. Therefore, we chose the 
It is of great importance for stakeholders to evaluate the alternative DH routes by indicators. The ACS algorithm can select the best route by solving the cost function. Therefore, we chose the remote sensing image as the data source, and designed the cost function as the sum of the weighted classified pixels that the route covered. Then, the DHRPI is defined as the cost function values. The route with the minimum DHRPI is treated as the optimum route.
According to the design code for the city heating network (CJJ 34-2010) [38] , heating pipes through non-built areasshould belaid along the highway in priority. To get the weights of different land-cover types, we invited a panel of experts from Beijing Gas and Heating Engineering Design Institute and North China Power Engineering Co., Ltd., and forecasted the weights by the Delphi method [39, 40] . The weights of the road, bare land, vegetation, building groups, and water were set to 0.0477, 0.0953, 0.190, 0.286, and 0.381, respectively.
Roads are broken into numerous segments at the intersections. The endpoints and the intersections constitute the elementary entities (nodes). Suppose that nodes i and j belong to the same road. Then, the cost c i,j (or c j,i ) is the sum of the weights of the pixels that the real road segment covered, as shown in Equation (1):
where p is the pixel number of the road segment covered. IR is the binary image of road. IR p refers to the exact road pixel, and the value is set to one. wr represents the weights of the road. Otherwise, if i and j belong to different roads, then the cost c i,j (or c j,i ) is the sum of the weights of the pixels that the linear segment from i to j (or j to i)covered, as shown in Equation (2):
where p is the pixel number of the linear segment covered. IBL, IV, IB, and IW are the binary images of bare land, vegetation, building, and water. wbl, wv, wb, and ww represent the weights of bare land, vegetation, building, and water, respectively. One can trace the corresponding row and column numbers of p in the binary images. For instance, if the location of p is a bare land pixel, then the IBL p is 1, and IV p , IW p , and IB p are 0, so only the wbl has an effect on the c ij .
Through computing the cost of every two nodes, we can derive a cost matrix C n×n , as shown in Equation (3):
where c ij means the cost of the edge connecting node i and j. Then, the DHRPI can be derived by Equation (4):
where n is the sequential number of the nodes of the route passed. N is the total node number of the route covered. D n,n+1 is the cost of the specific segment, and it can be traced to c i,j by the index of the node.
Data Preparation
In this paper, Google Earth imagery is treated as the primary data source. The node distribution data store the node locations (i.e., row and column numbers) in the Google Earth imagery. The classification data can be extracted from the image and stored as the binary image. Different land covers are given different weights. Both the node distribution data and the classification data are substituted into Equation (2) for the DHRPI calculation as described in Section 2.2. Besides the Google Earth imagery, we select OpenStreetMap (OSM) as an auxiliary data source. OSM is a prominent example of volunteered geographic information. OSM data can be downloaded from the official website (https://www.openstreetmap.org/) given the exact coordinate range. The downloaded OSM file contains point, line, and polygon features. We pay more attention to the lines and polygons, which represent most roads and buildings. However, volunteered geographic informationinevitably has some data redundancy and data loss. Therefore, we further supplemented and revised the classifications with the help of an open source QGIS platform based on the remote sensing imagery from Google Earth. Road, bare land, vegetation, building groups, and water were extracted in detail. Figure 2a is the downloaded data from OSM, while Figure 2b is the classification map reprocessed by QGIS and the remote sensing imagery. The processed file was converted to the ".shp" format.
Different land covers are given different weights.Both the node distribution data and the classification data are substituted into Equation (2) for the DHRPI calculation as described in Section 2.2. Besides the Google Earth imagery, we selectOpenStreetMap (OSM) as an auxiliary data source. OSM is a prominent example of volunteered geographic information. OSM data can be downloaded from the official website (https://www.openstreetmap.org/) given the exact coordinate range. The downloaded OSM file contains point, line, and polygon features. We pay more attention to the lines and polygons, which represent most roads and buildings. However, volunteered geographic informationinevitably has some data redundancy and data loss. Therefore, we further supplemented and revised the classifications with the help of an open source QGIS platform based on the remote sensing imagery from Google Earth. Road, bare land, vegetation, building groups, and water were extracted in detail. Figure 2a is the downloaded data from OSM, while Figure 2b is the classification map reprocessed by QGIS and the remote sensing imagery. The processed file was converted to the ''.shp" format. Based on the lines of roads, we extracted the nodes. As shown in Figure 3 , there are in total 361 nodes in the study area. Based on the lines of roads, we extracted the nodes. As shown in Figure 3 , there are in total 361 nodes in the study area. With the help of ENVI software (a geospatial imagery analysis and processing application) [41, 42] , we derived the binary images as shown in Figure 4 . Combining the weights we assigned for different classifications, we can calculate the cost between every two nodes. Thus, a 361×361 cost matrix was obtained. 
Parallel ACS Algorithm
In this paper, we chose ACS as our algorithm prototype and modified the ACS algorithm to suit the DH route design problem. Moreover, to improve the efficiency, we convert ACS to a parallel version. The principle of the algorithm is described as follows: With the help of ENVI software (a geospatial imagery analysis and processing application) [41, 42] , we derived the binary images as shown in Figure 4 . Combining the weights we assigned for different classifications, we can calculate the cost between every two nodes. Thus, a 361 × 361 cost matrix was obtained.
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In this paper, we chose ACS as our algorithm prototype and modified the ACS algorithm to suit the DH route design problem. Moreover, to improve the efficiency, we convert ACS to a parallel version. The principle of the algorithm is described as follows:
Parameter Initialization
As mentioned in Sections 2.2 and 2.3, the number of nodes (n) is 361, and a 361 × 361 cost matrix (C) has been prepared. The pheromone matrix is set the same dimension as the cost matrix, which stores the pheromone between every two nodes. The initial value of the pheromone (τ 0 ) is set at 1.0 for all the edges. The number of ants (m) is set to 36, considering both the diversity and the efficiency. Among the 361 nodes, the start point of the route (Sp) is fixed on the 238th node, while the end point of the route (Ep) is the 216th node. We also determine the heuristic information (η ij ) as the inverse of the edge's cost, which can be expressed as Equation (5):
The index of visited nodes are stored in a m×n matrix named Tabu. As to the current ant, the index of the visited nodes are stored in a vector named visited, while the index of the candidate nodes are stored in a vector named allowed. allowed ∪ visited comprises the total 361 nodes.
Route Searching
As the Sp and the Ep are fixed, the search starts from the second point and ends when meeting the Ep. The effective route is limited from Sp to Ep. There are several points that need attention in the route searching process:
• The parallelization of the route searching
The route searching algorithm is converted to a parallel one to further improve the efficiency. In this paper, the number of nodes is 361, and the number of ants is 36. The time spent on the route searching procedure takes the largest proportion. Since we develop the code with MATLAB software on a computer with a quad core CPU systems (Intel(R) Core(TM) i5-6500 CPU @3.2GHz), the route searching algorithm is divided into four parallel algorithms. Therefore, every thread has nine ants executing the searching. The angle constraint module, the state transition rule module, and the local updating rule module mentioned below are executed separately for different threads. Theoretically, the operating efficiency can be around four times compared to the sequential algorithm.
• The angle constraint module
The angle constraint is introduced to further screen the alternative nodes. In ACS, ant selects the next node to reach from the allowed vector. However, according to the Design Code For the City Heating Network (CJJ 34-2010) [39] , the DH route should have no intersections, and the crossing angle should be more than 90 • . Therefore, it is a prerequisiteto screen the nodes satisfying the angle requirement from the allowed vector. An angle judgment model based on the cosine law is introduced as shown in Equation (6):
where N allowed is the size of the allowed vector. P next (X next , Y next ) is one of the points from the allowed vector, while P this (X this , Y this ) and P last (X last , Y last ) are the current point and the previous point. After the angle screening step, a subset of the allowed vector, namely sub_allowed, is acquired, and used for the subsequent calculations. Due to the stricter angle constraints, it is possible that the search is finished without meeting the Ep. In this case, the ant and the route are given up, and they no longer participates in the updating and cost function calculation.
• The state transition rule module
The ant selects the next node according to the ACS state transition rule. A random number q is generated and used for the next node selection. The rule is given by Equation (7):
where q is a random number uniformly distributed in [0,1], and q o is a constant. Here, we set q 0 = 0.9 as a reference [16] . i is the current node, while j is any one candidate node from the sub_allowed vector. τ ij (t) is the intensity of the pheromone between i and j at time t. η ij (t) is the heuristic information between i and j at time t. sub_allowed k stores the candidate nodes. α and β are two constantsthat can be described as the weighted values of the pheromone (τ ij (t)) and heuristic information (η ij ), respectively. Here, we set α = 0.1 and β = 2 as references [16] . Since the ant favors choosing the next node with a short edge and a large amount of pheromone, when q ≤ q 0 , we directly set the next visited node to the one with the maximum value, as shown in (7-1). Otherwise, when q > q 0 , the roulette wheels method is executed. For every j belongs to sub_allowed k , p k ij (t) is calculated by Equation (7-2), given a random generated number p, and the node with p k ij (t)≥ p is chosen as the next visited node. If j doesn't belong to sub_allowed k , p k ij (t) is set to 0 as shown in Equation (7-3). We can determine that the search is finished for one ant when Ep is chosen as the next visited node.
• The local updating rule module A local updating rule is applied once the next node is fixed as reference [16] . The local updating rule is described as shown in Equation (8):
where i is the current node, and j is the next node that the ant has chosen. 0 < ρ < 1, and ρ is a parameter; here, we set ρ = 0.1. τ ij is set the same as the initial value of pheromone (τ 0 ), i.e., τ ij = 1.0. The first part of Equation (8) represents the evaporation of the pheromone, while the second part represents the reinforcement of the pheromone. With the help of the local updating rule, the route is shuffled dynamically, and the search can take full advantage of the pheromone information. It is worth noting that the pheromone updating is only focused on the current iteration and the segments between the start point and the end point.
Pheromone Updating
After all the ants complete their trip for one iteration, the path's pheromone intensity should be updated. Here, we conduct the global updating rule as ACS. Only the globally best ant is allowed to deposit pheromones. The formulation is shown in Equation (9):
where i and j are the nodes belonging to the best route, 0 < α < 1, and α is the pheromone decay parameter; here, we set α = 0.1. The first part of Equation (9) represents the evaporation of the pheromone, while the second part represents the reinforcement of the pheromone. τ ij is defined as shown in Equation (10):
where L best is the DHRPI of the best route. It is worth noting that the pheromone updating is only focused on the segments between the start point and the end point. Based on the description of the aforementioned algorithm principle, we can get the flowchart of the parallel ACS for DH route design, as shown in Figure 5 . It should be noted that the yellow part is the route searching module, and executes parallel computing. (1 ) ij ij ij τ ατ α τ = − +  (9) where i and j are the nodes belonging to the best route, 0 <α< 1, and α is the pheromone decay parameter; here, we setα= 0.1. The first part of Equation (9) represents the evaporation of the pheromone, while the second part represents the reinforcement of the pheromone.
as shown in Equation (10):
where best L is the DHRPI of the best route. It is worth noting that the pheromone updating is only focused on the segments between the start point and the end point.
Based on the description of the aforementioned algorithm principle, we can get the flowchart of the parallel ACS for DH route design, as shown in Figure 5 . It should be noted that the yellow part is the route searching module, and executes parallel computing. 
Interactive 3D WebGISTool
We present a 3D WebGIS platform for the route designers. The platform combines the parallel ACS algorithm as well as the 3D visualization function. HTML and CSS are used to design the front end. The parallel ACS algorithm is developed by MATLAB and is invoked by the platform using python. The Cesium visualization engine is introduced toachieve the 3D visualization. As a case study, we put the website on the server of our corporation.
With this platform, the interactive design can be realized. Users can assign no more than five favorite points that the route must pass. The selected nodes are treated as the new starting point and end point, and the study area is divided into several sub zones. The identification (ID) numbers of the user-defined points are transferred to the back-end and invoked by the algorithm. As shown in Figure 6 , the starting point and the end point are expressed in orange, and points 1 and 2 (red points) are the user-defined mandatory passed nodes. 
With this platform, the interactive design can be realized. Users can assign no more than five favorite points that the route must pass. The selected nodes are treated as the new starting point and end point, and the study area is divided into several sub zones. The identification (ID) numbers of the user-defined points are transferred to the back-end and invoked by the algorithm. As shown in Figure 6 , the starting point and the end point are expressed in orange, and points 1 and 2 (red points) are the user-defined mandatory passed nodes. The best routes for all subsets are calculated accordingly. The final best route can be derived by linking the best sub routes end to end. Users can define the number of the best routes to be presented. As shown in Figure 7 , the candidate routes and the indicators are displayed on thelower right corner of the user interface. The alternative routes of the first, second, and third sub zone are displayed in green, yellow, and blue, respectively. Then, users can compare all of them and pick the most appropriate one. The best routes for all subsets are calculated accordingly. The final best route can be derived by linking the best sub routes end to end. Users can define the number of the best routes to be presented. As shown in Figure 7 , the candidate routes and the indicators are displayed on thelower right corner of the user interface. The alternative routes of the first, second, and third sub zone are displayed in green, yellow, and blue, respectively. Then, users can compare all of them and pick the most appropriate one. 
Results and Discussion
Comparation with the Manually Designed Route
We set the number of iterations as 100 and repeated them 10 times to verify the stability. The indicators of the top 30 best routes areshown in Table 1 . We can illustrate that the value of the manually selected route (46.22) is between the 28 th (45.24) and the 29 th (47.05) best performers. Figure 8 shows the manually designed route (a), as well as the first (b), the 28 th (c), and the 29 th (d) routes selected by our algorithm. Compared to the manually selected route, the parallel ACS can derive the routes with even smaller indicators. However, the best route isnear a railway station (red rectangular area), as shown in Figure 8(b) . It is not a good choice to lay the DH pipe near a railway, because the underground engineering may cause hidden trouble with safety. Considering all the situations, the algorithm can give more alternatives for decision making. It can greatly reduce the repeated reconnaissance and save a lot of time. 
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Comparation with the Corresponding Sequential Algorithm
The average operating time of our parallelACS algorithm is 3.912 seconds for one iteration (36 ants divided into four groups, every group contains nine ants), while the corresponding sequential algorithm costs 18.736 seconds for one iteration (containing 36 ants). Considering that there are four cores of our computer, the efficiency is increased 4.789 times. Additionally, we analyzed the convergence of the algorithm. As shown in Figure 9 , the green plane is the DHRPI of the manually selected route, while the red lines are the indicators of 10 repetitions from the first iteration to the 100 th iteration, respectively. We can illustrate that all 10 repetitions can reach the minimum DHRPI within 30 iterations. 
Comparation with ArcGIS Network Analyst Tool
As for the ArcGIS platform, we used ArcGIS 10 to fulfill the job. The ArcGIS 10 Network Analyst tool can find the shortest route based on the well-known Dijkstra algorithm. The shape file 
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Comparation with ArcGIS Network Analyst Tool
As for the ArcGIS platform, we used ArcGIS 10 to fulfill the job. The ArcGIS 10 Network Analyst tool can find the shortest route based on the well-known Dijkstra algorithm. The shape file Figure 9 . The cost function value variation from thefirst iteration to the 100th iteration for the 10 repetitions.
As for the ArcGIS platform, we used ArcGIS 10 to fulfill the job. The ArcGIS 10 Network Analyst tool can find the shortest route based on the well-known Dijkstra algorithm. The shape file of the road was loaded into the layer, and a network dataset was built with the wizard. The edges and junctions of the network were generated at the end of the wizard. Since the original vertex may be inadequate, we have to split the roads at the junctions manually. Then, the network analyst can be executed by setting two stops. Figure 10 shows the best route solved by ArcGIS. Although the Dijkstra's algorithm can solve the DH routing problem given the weighted cost of different edges, the integrated ArcGIS network analyst tool is not quite specific to the DH routing design problem compared to our platform. For example, the route selection is considered only along the roads. However, in reality, the route selection may be laid across the vegetation, rivers, or other land covers comprehensively considering length and cost. Additionally, in ArcGIS, users can get the best route with less quantitative information. It is not flexible enough for designers to compare several candidate routes. of the road was loaded into the layer, and a network dataset was built with the wizard. The edges and junctions of the network were generated at the end of the wizard. Since the original vertex may be inadequate, we have to split the roads at the junctions manually. Then, the network analyst can be executed by setting two stops. Figure 10 shows the best route solved by ArcGIS. Although the Dijkstra's algorithm can solve the DH routing problem given the weighted cost of different edges, the integrated ArcGIS network analyst tool is not quite specific to the DH routing design problem compared to our platform. For example, the route selection is considered only along the roads. However, in reality, the route selection may be laid across the vegetation, rivers, or other land covers comprehensively considering length and cost. Additionally, in ArcGIS, users can get the best route with less quantitative information. It is not flexible enough for designers to compare several candidate routes. 
Interactive Design Results of the 3D WebGIS Tool
As shown in Figure 6 and Figure 7 , by defining the mandatory passed points, users can design the route interactively. Figure 11 shows the best operation result (the red line). By appointing two intermediate points, the platform can get the best route, which is even the same as the manually selected one. 
As shown in Figures 6 and 7 , by defining the mandatory passed points, users can design the route interactively. Figure 11 shows the best operation result (the red line). By appointing two intermediate points, the platform can get the best route, which is even the same as the manually selected one. of the road was loaded into the layer, and a network dataset was built with the wizard. The edges and junctions of the network were generated at the end of the wizard. Since the original vertex may be inadequate, we have to split the roads at the junctions manually. Then, the network analyst can be executed by setting two stops. Figure 10 shows the best route solved by ArcGIS. Although the Dijkstra's algorithm can solve the DH routing problem given the weighted cost of different edges, the integrated ArcGIS network analyst tool is not quite specific to the DH routing design problem compared to our platform. For example, the route selection is considered only along the roads. However, in reality, the route selection may be laid across the vegetation, rivers, or other land covers comprehensively considering length and cost. Additionally, in ArcGIS, users can get the best route with less quantitative information. It is not flexible enough for designers to compare several candidate routes. 
Conclusions
This paper provides a DHRPI to estimate the quality of the alternative heating routes. Remote sensing imagery and the OpenStreetMap data act as the data sources. A parallel ACS algorithm suitable for the DH route design is proposed, which performs as the first contribution of this paper. The second contribution is the development of a convenient tool for the DH route preliminary design. The tool combines the proposed parallel ACS algorithm and the 3D WebGIS technology. It is applied to the route design of the Fengrun heating engineering project. Compared to the manually-selected route, as well as the commercial ArcGIS platform, the study illustrates that our algorithm can get 28 candidate routes with smaller indicators than the manually selected DHRPI (46.22). The average operating time of our parallel ACS algorithm is 3.912 seconds for one iteration (36 ants divided into four groups, every group contains nine ants), which condensed by 4.789 times for the corresponding sequential algorithm. The algorithm can reach the minimum DHRPI within 30 iterations. Additionally, the proposed 3D WebGIS tool with our improved ACS algorithm is more flexible and user-friendly, and is aimed at the heating route design. The platform has the following features:
(1). The platform integrates our parallel ACS algorithm, which can provide the best heating route automatically and efficiently.
The remote sensing-based heating route planning indicator, the weighted cost matrix, and the updating strategy of the ACS algorithm are proposed to suit the specific heating route requirements. Additionally, the parallel pattern is proposed to shorten the operating time. With the help of the parallel ACS algorithm, we can give a quantitative assessment for the alternative routes.
(2). The platform combines the 3D WebGIS technology in which users can design the DH route intuitively and interactively.
The open source Cesium engine is introduced to realize the rendering and visualization of 3D scenes. The WebGIS technology is adopted to provide the light weighted platform. As the algorithm and the platform are based on an open source 3D engine and independent development, the platform can be continuously maintained and improved.
Still, there is much that can be done to improve the performance of our platform. For example, in this study, we generally set different weights of different land-cover types to represent different factors (e.g. excavation cost, compensation for demolition and resettlement, pipe materials, the impact on traffic, and so on). The weights are roughly calculated by the Delphi method. A more accurate cost estimation is required. Additionally, the 3D visualization has not reached its full potential. Since the main DH project is under ground, the excavation depth should be taken into account for the cost calculation. Considering the movement of water and the elimination of air, the pipe should have a certain slop. Moreover, there are complex pipe networks for other uses at different depth and different directions; thus, the design of the DH route should pay attention to avoid collision. All of them require the introduction of the elevation information. However, most of the information is undisclosed. Therefore, in this paper, we focused on the preliminary design of the DH route and the realization of the 3D platform. Our future work will aim at improving the algorithm and platform built in this paper for further detailed design, especially the 3D design. qo a constant (7) τ ij (t) the intensity of the pheromone between node i and node j at time t (7) η ij (t) the heuristic information between node i and node j at time t (7) α a constant that can be described as the weighted value of the pheromone (τ ij (t)) (7) β a constant that can be described as the weighted value of the heuristic information (η ij ) (7) p k ij (t) a probability (7) ρ a parameter for the local updating rule (8) α a parameter for the global updating rule (9) τ ij
We set τ i j the same as the initial value of pheromone (τ 0 ) (8) L best the DH route planning indicator of the best route (10) 
